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Abstract
This senior design project consists of designing and building a test bench set up in the GAF facility located in
Fontana CA. The project creates an area where testing of different configurations of equipment takes place before
implementing the equipment on the production line. Having this isolated environment allows the engineers and
technicians to follow several design build test iterations on new systems. The design has the versatility to handle
different equipment set ups and test a large quantity of diverse situations. The test bench implements Allen Bradley
ControLogix, PLC-5, multiple Powerflex drives and multiple Kinetix servo drives simultaneously. The test bench is
used to set up design situations to familiarize technicians or engineers with equipment. This is to ensure that the
equipment functions properly when installed on the production line, thus minimizing equipment related downtime.
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Chapter 1
Introduction
The Fontana GAF facility manufactures asphalt roof shingles. They have two production lines and can produce over
20 different products and various product lines. The plant also has a 3rd line that consists of a robot used to package
the Ridglass line of product. I completed an internship at the GAF Fontana facility this past summer as a project
engineer. In talking to the regional controls engineer for the west coast, Ken Engelman, he had expressed interest in
me doing a project, creating a test bench set up for the Fontana facility. We decided we could combine the test bench
project with my senior project. Ken in the past has designed a test bench for the Stockton facility. I worked with Ken
to develop the test bench for Fontana building off his original design and improving on the design using elements
that I had seen used at the Shafter facilities test bench when I previously had an internship.
Previously the Fontana facility did not have any method for testing equipment off the production line. Until the test
bench, the method for implementing changes technicians would implement the change on the production line while
down, and run the other production line. This method provided some challenges and difficulties, because there is
strict schedule to restart the lines but the work performed did not go as planned, the production crew cannot start up
the correct production line on schedule. Not able to start up on schedule can put pressure on the sales department.
The production schedule aligned with the sales and projected sales. Staying on schedule reduces product placed on
backorder.
By designing and building the test bench, the Fontana facility has an isolated area to test and develop equipment
before implementing changes to the production line. Having this testing environment allows engineers to manually
test different combinations of devices and different functions or methods of communication between devices. For
example, creating a device level ring with multiple VFDs (Variable Frequency Drives) over an Ethernet IP network,
or testing different methods of communication between PLCs such as devicenet, Modbus, Ethernet IP, etc.
Engineers could also use the test bench to test the function of sensors and how the sensor compares with the other
feedback methods currently used. This reduces the odds of implementing a change to the production line and the
change not functioning as intended. The test bench provides an area where engineers and technicians can become
familiar with the technology they plan to install, or equipment already located throughout the facility. Becoming
more familiar with the equipment can improve the functionality of the equipment as well as the efficiency of the
technicians in recovering from equipment failure.
The design of the test bench implements the safety by design techniques used in modern system design to ensure the
bench follows OSHA standards [3]. This includes designing the test bench with shielding to protect electrical
workers from shock, burns or other electrical injuries [8]. The test bench also includes appropriate PPE for all
electrical equipment found in the test bench, such as insulating blankets, gloves, or sleeves [9]. The location of the
test bench was assessed for safety and classified following a hazardous location assessment for flammables or fumes
[7]. The test bench primarily consists of temporary circuits since the set-up changes regularly. This means that there
the design included disconnecting switches or plugs to disconnect all conductors of the temporary circuit [6].
Conductors used on the test bench are properly identifiable, as well as connected in the correct polarity. All
conductors used fall within their current rating [5]. The test bench is OSHA compliant, because it follows these
standards by being free from recognized hazards [4].
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Chapter 2
Customer Needs Assessment
In an in person discussion with Ken Engelman, he stated, the test bench needs to provide an isolated environment for
Electrical and Instrumentation (E&I) technicians and engineers to set up the same equipment implemented on the
line and test different functions and abilities without affecting production. The E&I techs and engineers wanted an
environment where they could implement a controls situation and the user could write and test logic changes or test
physical changes. The test bench also needs to implement communication and control methods to test and develop
new HMI (Human Machine Interface) screens. The use of test situations improves the understanding of the functions
of the equipment currently in use.
Talking to the E&I technicians in Fontana developed the basis of the test bench needs. Talking to the regional Sr.
Controls Engineer for the west coast helped grow the list of needs. I am also a customer to this test bench, therefore
I implemented some of the needs that I have.

Requirements and Specifications
The requirements and specifications were developed for this project by talking in large to Ken Engelman the
regional Sr. Controls Engineer. He has implemented a test bench setup at the Stockton facility. The Shafter facility
(where I completed a 6-month co-op) also has a test bench set up. Talking to Ken and discussing the benefits and
design of both test bench setups, we pulled from the positives in both designs. As well as gaining input from the
Fontana E&I technicians on what they would like to see on the test bench contributed to the requirements.
Most requirements derived from talking to the Fontana staff as well as the regional controls engineer. Most
questions were asked over email because of location differences, I in San Luis Obispo, while the test bench, located
and implemented in Fontana.

TABLE I
Marketing
Requirements
1
2, 6

3

4

GAF FONTANA TEST BENCH REQUIREMENTS AND SPECIFICATIONS
Engineering
Justification
Specifications
Any new device is a product of Allen Bradley
Have a minimum of 20 square feet of backplane
area to mount equipment to, and have a
minimum of 18 inches of clearance extending
outwards from the backplane

This is a company wide standard.
This constrains the minimum amount of space that
Ken (Sr. Controls Engineer) has used for test
benches in the past. Any space smaller than this
limits the number of devices that can be mounted
and limits the number of different test scenarios
that can be constructed.
Have a Panel view (Allen Bradley Touch screen HMI (Human Machine Interface) is an important
HMI) as well as a Wonderware station within a part of modern control systems. Programing to
10-foot radius of the backplane
different forms of HMI is necessary for the
electrical staff in any facility. The systems need to
be close to the backplane so that visual
verification can be used when testing and
programing.
Have Ethernet access to the production network, This provides the flexibility of communicating
can also be disconnected from the production
with the production network or creating a private
network to become an isolated system
network. This can provide real aspects of
simulations held on the bench because real
information feeds the devices tested. However,
when tests could possibly fault out a processor it
is important to have the test bench separate to
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protect the production network.
The test bench needs to have various forms of
power to accommodate all the devices used
throughout the facility. Most all devices use an
input voltage of 480, 120, or 24VDC, having all
the sources available allow for greater versatility
as well as allow implementation of any device.
These sources require lockout tagout out to
perform work on the test bench in a safe manner,
following the safety by design technique [3].
2, 6
Have a female Meltric plug mounted with the T- Meltric plugs allow for quick connect and
leads prewired to terminal blocks
disconnect from VFDs (Variable Frequency
Drive) to three phase motors. Having the T-leads
landed to terminal blocks allows for easy change
out of VFDs.
2
Have greater than 100 terminal blocks mounted Terminal blocks provide the ability to land test
to the backplane
sensors, motor leads, power sources to devices
mounted on the backplane or devices leading to
the field.
2
Have A minimum of 10 linear feet of din rail
Din rail is the most common ways of mounting
terminal blocks, remote I/O, point I/O, power
supplies, even PLCs (Programmable Logic
Controller) to a backplane. Having a large amount
of din rail contributes to the versatility of the test
bench.
6
Must adhere to all applicable OSHA and NEC Having high voltage supplied to the test bench
codes
creates a possible safety hazard for the technicians
and engineers working on the test bench.
Following all OSHA and NEC codes, the system
should maximize the safety of the test bench.
2
Must support up to three VFDs, one servo drive This increases the number of different scenarios
and two PLCs and one flexI/O module at once the test bench can implement therefore, increases
the flexibility of the test bench.
Marketing Requirements
1. Purchase name brand equipment, no off brands
2. Versatile allowing multiple different configurations
3. Include HMI
4. Able to isolate the bench from the production line
5. Incorporate common forms of power
6. Safe to operate
5, 2, 6

Have individually isolated 480V, 120V and
24VDC power sources as well as a main power
disconnect to disconnect all sources leading to
the bench

The requirements and specifications table format derives from [1], Chapter 3. The requirements and specs table is
derived from the needs of the user. The needs of the user generate the marketing requirements and the marketing
requirements contribute to the required specifications.
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Delivery Date
4/20/18
8/15/18
6/8/18
7/10/18
8/15/18
10/12/18
11/30/18
12/7/18

TABLE II
GAF FONTANA TEST BENCH DELIVERABLES
Deliverable Description
Design Review
EE 461 demo
EE 461 report
Start installation of Test bench in Fontana
EE 462 demo
ABET Sr. Project Analysis
Sr. Project Expo Poster
EE 462 Report

Table II outlines the main deliverables and milestones for the senior project. The delivery dates outline the overall
timeline for the project. Since the installation did not occur until I had started working at my internship, the demo
for both 461 and 462 happened after the installation.
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Chapter 3
Functional Decomposition
This chapter gives a functional decomposition of my senior project. The system allows users to test and
development different systems, and different system functions. Therefore, the internals and the function of the
project change with the different scenario tested at the time. The overall function of the test bench must allow
multiple inputs and different forms of inputs while providing multiple different outputs and different forms of
outputs.

FIGURE I
GAF FONTANA TEST BENCH LEVEL ZERO BLOCK DIAGRAM
Figure one is a level zero block diagram. The level zero block diagram shows the overall inputs and outputs to the
test bench. However, for the test bench the inputs and outputs depend on the components used and what function the
engineer or technician tests.

Module
Inputs

Outputs

Functionality

TABLE III
GAF FONTANA TEST BENCH INPUTS AND OUTPUTS
GAF Fontana Test Bench
-Device Power: 480 AC, 120 AC, 24 VDC; 0-150 A
-Sensor Inputs: analog and discrete sensor input
-User Inputs: changes in ladder logic, Wonderware input, or panel view input
-Ethernet Input: messaging with servers, other PLCs, produce and consume tags with other PLCs,
retrieving information to Ethernet controlled devices such as VFDs, servo drives, remote I/O
-Variable Control: motor speed control, Servo control, Valve position control
-Discrete Control: solenoid valve, run, stop
-HMI Output: visual feedback via Wonderware, Panel View, or Rslogix
-Ethernet Output: messaging with servers, other PLCs, produce and consume tags with other PLCs,
sending information to Ethernet controlled devices such as VFDs, servo drives, remote I/O
The test bench allows implementation and testing of multiple different control systems scenarios
while off the production line. These scenarios closely represent control situations seen throughout
the production line. For example: using a load cell with two variable frequency drives to control the
tension of a web in between the VFDs. However, the test bench has the ability do more than just
simply controlling 2 VFDs. Ability to simulate any situation seen throughout the facility
demonstrates the versatility of the test bench. The bench provides an environment for testing and
developing new equipment. The overall function of the test bench provides an environment where
hundreds of different testing scenarios provide a chance to fully understand how a system works
before changing the production line.
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The Inputs and Outputs table format derives from [1], Chapter 5. The inputs and outputs table defines the inputs and
outputs into the test bench as shown in the level zero block diagram. The table also defines the functionality of the
block in the level zero block diagram.

FIGURE II
GAF FONTANA TEST BENCH LEVEL ONE BLOCK DIAGRAM
Figure II is a level 1 block diagram for the test bench project. The inputs and outputs of the system mimic the inputs
and outputs of the system for the level zero block diagram. The Level 1 block diagram goes into more detail about
one possible test situation for the test bench.

Module
Inputs
Outputs
Functionality

TABLE IV
GAF FONTANA TEST BENCH CIRCUIT BREAKERS LEVEL 1 FUNCTION TABLE
Circuit Breakers
-Device Power: 480 AC, 120 AC, 24 VDC; 0-150 A
-Power to each device inside of the test bench
-Protect devices on test bench from voltage or current surges
-Protect against overcurrent and excessive heating if a device shorts

The Inputs and Outputs table format derives from [1], Chapter 5. Table IV is the function table for the level 1 block
diagram circuit breaker component. The table defines the inputs and outputs to the block as well as the functions of
the block.

6

Module
Inputs

Outputs
Functionality

TABLE V
GAF FONTANA TEST BENCH PLC LEVEL 1 FUNCTION TABLE
PLC
-Device Power: 120 AC or 24VDC
-HMI Control Signal (Discrete, Ethernet IP, Device net, Modbus, etc.)
-Sensor Input (Discrete, Ethernet IP, Device net, Modbus, 4-20mA, etc.)
-Ethernet Input
-Control signals to devices located on test bench (Discrete, Ethernet IP, Device net, Modbus, etc.)
-Ethernet output signals to other PLCs or devices located outside of the test bench
-Take inputs from field devices and users perform logic on the inputs and output control signals
based on the input signals

The Inputs and Outputs table format derives from [1], Chapter 5. Table V is the function table for the level 1 block
diagram PLC component. The table defines the inputs and outputs to the block as well as the functions of the block.

Module
Inputs
Outputs
Functionality

TABLE VI
GAF FONTANA TEST BENCH HMI SCREEN LEVEL 1 FUNCTION TABLE
HMI Screen
-Device Power: 120VAC or 24 VDC
-PLC Control Signal (Discrete, Ethernet IP, Device net, Modbus, etc.)
-User Input (Discrete, Integer, Float, String, etc.)
-Visual representation of control system to user
-Control Signal to PLC (Discrete, Ethernet IP, Device net, Modbus, etc.)
-Message user input to PLC
-Display system status to user
-Allow easy form of interaction between user and system

The Inputs and Outputs table format derives from [1], Chapter 5. Table VI is the function table for the level 1 block
diagram HMI Screen component. The table defines the inputs and outputs to the block as well as the functions of the
block.

Module
Inputs
Outputs
Functionality

TABLE VII
GAF FONTANA TEST BENCH VFD LEVEL 1 FUNCTION TABLE
VFD
-Device Power: 480 AC
-PLC Control Signal (Discrete, Ethernet IP, Device net, Modbus, etc.)
-Speed and Torque control of 3 phase 480V motor
-Obtain Control signals from PLC
-Interpret signals to correlate with motor functions
-Drive and control a 480V 3 phase motor

The Inputs and Outputs table format derives from [1], Chapter 5. Table VII is the function table for the level 1 block
diagram VFD component. The table defines the inputs and outputs to the block as well as the functions of the block.
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Module
Inputs
Outputs
Functionality

TABLE VIII
GAF FONTANA TEST BENCH PNEUMATIC SOLENOID LEVEL 1 FUNCTION TABLE
Pneumatic Solenoid
-Device Power: 120VAC or 24 VDC
-PLC Control Signal (Discrete)
-Open and Close Valve
-Obtain Control signals from PLC
-Open or Close valve

The Inputs and Outputs table format derives from [1], Chapter 5. Table VIII is the function table for the level 1
block diagram pneumatic solenoid component. The table defines the inputs and outputs to the block as well as the
functions of the block.

8

Chapter 4
Gantt Chart
This Gantt chart outlines the timeline for my senior project. Three quarters of my project timeline were determined
by location. I was not at the actual work site where I installed the test bench set up. However, when I had interned at
the Fontana facility over the summer between 461 and 462 I devoted a substantial amount time to the project and
installed the test bench. After installing the project and testing things worked properly, I recorded data to write my
report during my time in 462.
GAF funded my senior project. Obtaining accurate cost estimates for the materials and labor used for the project was
important because I had to submit a request for capital funding through the company. An AFCE is what they are
called, and if the project goes over budget on an AFCE the company is usually not very happy about that. So,
accuracy while getting cost estimates was an important part of this project plan.
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Figure III
GAF FONTANA TEST BENCH TIME SCHEDULE
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The Gantt chart is broken into four different sections each 11 weeks long and each have four phases. The four
sections of the Gantt chart is broken down into EE460, EE 461, summer internship, EE462. The Gantt chart outlines
the start and due date of important deliverables for each section.

TABLE IX
GAF FONTANA TEST BENCH COST ESTIMATES
Item

Quantity Material Cost

Hourly Rate

Workers Hours Tax

Line cost

Engineering

45

1

200

0

9000

Contract Labor

45

3

70

0

9450

In House Labor

45

2

40

0

3600

SCE Enclosure 726024ULP

1

2400

174

2574

SCE Backplane 72P60

1

400

29

429

Control logix chassis

1

800

58

858

PLC 5 Chassis

1

500

36.25

536.25

AB Stratix 5700

2

2000

145

4290

Conduit

1

2500

181.25

2681.25

Wire

1

1500

108.75

1608.75

Breakers

1

900

65.25

965.25

Terminal Blocks and Din Rail

1

400

29

429

Total

36421.5

Table IX shows the cost estimates for the entire project from start to finish. This was used when writing my request
for capital funding. The request for capital funding requires quotes and accurate cost estimates to ensure that the
correct amount of money is allocated for the project.

Cost Estimates
The cost estimates derive from personal experience ordering materials for projects as well as estimates found online
for parts, and contractor T&M rate sheets. The typical hourly cost for a contractor is $45. Contractors typically work
in teams of 2, but a third contractor was needed for a safety monitor. Therefore, three contractors for a little over a
week or one week working 10 hr. days. There was in house prep work that needed to be done both before and after
the installation. The engineering hours required were around 200 hours from start to finish, factoring in installation
times pre-work and post work on drawings. The enclosure, backplane, chassis, and Ethernet switches, all quoted
from the manufacturer’s website. The terminal blocks, conduit, wire, and breakers are PERT estimates of the
materials needed to get power to the enclosure as well as the necessary sub circuits within the enclosure. The PERT
technique described in [1] was used to develop the time estimates for engineering time, contractor time and in house
labor time. The PERT technique was also used in estimating the cost of the conduit, wire, and terminal blocks.
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Chapter 5
Construction Process
The construction process of the test bench was completed in a 5-stage process:
1) The area the test bench was being placed into was previously used for storage and had been left unkempt
for years. The first stage of the process was to clear and prep the area for the new test bench. This required
cabinets to be removed and tables to be rearranged in an order that would allow the test bench panel to fit in
its designed location.

FIGURE IV
PANEL LOCATION PRE PROJECT
Figure IV shows the location that was chosen for the test bench. There was an old cabinet used for storage that was
in the way of where the test bench was to be placed. The cabinet had to be removed as well as cleaning the area to
get it ready for the new test bench. The surrounding area was also reorganized in order to accommodate the new test
bench.

2) The panel that was used for the test bench was a panel that had been removed a week before work began on
the test bench. We decided to re-use the panel to increase the sustainability and decrease the overall cost of
the project. Because we were repurposing a used panel we needed to remove the old equipment and clean
the dirt and grime from the panel.
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FIGURE V
PANEL BEFORE PREPARATION
Figure V shows the panel that was repurposed for this senior project. The panel was decommissioned a week prior
to the start of the Sr. project. Once the panel was decommissioned all of the old electronics had to be torn out before
the panel could be cleaned. I removed the equipment then deep cleaned the dirt and grime build ups off of the panel.

3) Once the panel was prepped and the area the panel would be mounted in was prepped the third stage was to
put the panel in place. This was a tricky procedure than originally anticipated. The close quarter’s location
that the test bench was being placed in prevented us from being able to use a fork lift to get the panel all the
way into the room. The door and part of the wall above the door also needed to be removed to fit the panel
into the room. However, because there were panels of similar dimensions along a different wall in the same
room all the modifications to the door and wall had been made previously allowing us easier access into the
room. Once the panel was in the room it was a slow process of inching the panel into the corner it was
designed to go in.
4) Once the panel was bolted into place the fourth step was to route conduit and populate the panel with all the
equipment that was to be mounted inside of the panel. The conduit was ran from a 480V disconnect that
was located in a room adjacent to the test bench room. The panel was then populated with the 480V
disconnect, 480V to 120V transformer, 480V Circuit Breakers, 120V Circuit Breakers, 120V Fuses,
Terminal Blocks, Din rail, three PLCs, a Stratix Ethernet switch, and a 24VDC Power supply.
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FIGURE VI
SAFETY LOCKOUT OF PANEL
Figure VI shows the lockout tag out tag that I placed on the panel. Anytime work was being performed on the panel
the 480V power has to be locked out for the safety of the electricians working on the equipment. The tag has to be
accurately labeled with the personnel and the department they are a part of. (My tag is labeled with D. Wunderlich,
Engineering department, and the date the tag was used)
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5) The last stage was to wire the entire panel up and power the panel up. While the incoming 480V was
locked out at the disconnect feeding the panel the panel was safe to work on. Wire was routed for all
equipment that will not get removed from the panel. 480 Wiring included wiring from the distribution
blocks to 480V Circuit breakers, 480V to the transformer, then also prewiring for motor T-Leads going
from terminal blocks to the female Meltric plug adaptors mounted on the side of the test bench panel. The
120V wiring included wiring from the transformer to the circuit breakers and the fuses. From the
overcurrent protective devices, the 120V was then wired to the PLCs, and the 24VDC power supply. The
24VDC power supply was then wired up to the Stratix Ethernet switch.

FIGURE VII
INSTALLED FINAL PANEL
Figure VII shows the test bench after it was installed. This view of the panel shows the PanelView mounted to the
door of the panel. The PanelView is the HMI that is required as part of the requirements of the system.
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FIGURE VIII
PLC LAYOUT AND I/O TERMINAL BLOCKS
Figure VIII shows the PLC layout and I/O terminal block space for the test bench. As part of the requirements the
test bench was required to have a minimum amount of din rail space to mount discrete components. The terminal
blocks are also part of the requirements for allowing easy wiring of field devices to the PLCs in located in the
panels.
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FIGURE IX
480V WIRING AND PANEL SPACE FOR DEVICES
Figure IX shows the 480V wiring side of the test bench. The 480V is wired from the main disconnect to individual
circuit breakers for individual VFD or servo drives. The bottom of the panel has prewired terminal blocks to the
Meltric plug disconnects for VFDs. The 120V control power is also wired from the transformer to circuit protection
devices. This picture also depicts the space available for mounting of 480V devices. The Panduit used to route and
cover the wire is required by NEC and OSHA regulations. These regulations influenced the design of the test bench.
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TABLE X
GAF FONTANA TEST BENCH COST TRACKING
Item

Quantity Material Cost

Hourly Rate

Workers Hours Tax

Line cost

Engineering

22

1

120

0

2640

Contract Labor

45

3

15

0

2025

In House Labor

35

2

10

0

700

ControLogix Power Supply

1

923

74

997

Ethernet Module

2

2249

360

2609

Stratix 5700

1

882

71

953

PanelView 7 Plus

1

3859

309

4168

24V Power Supply

1

220

18

238

Meltric Plug For VFD -Male

3

146

35

475

Meltric Plug For VFD -Female

3

315

75

1018

Misc Electrical Components

1

2825

246

3071

Last Minute Materials

1

367

32

399

Total

19293

Table X shows the actual cost for the entire project from start to finish. This table was created from the cost tracking
sheet that I had used throughout the project. The material quotes and the time and material contractor invoices were
used to populate the costs for the cost tracking sheet.

Actual Costs
The actual cost of the project was affected by the allotted money from the company. The project budget
was limited to $20,000. I was able to save money on the project by instead of purchasing an enclosure
to use for the test bench, I was able to re-purpose an enclosure that was recently decommissioned,
which was able to save the project approximately $5,000. However, after saving the money on the
panel, the Allen Bradley components that were purchased were more expensive than expected. This is
because while designing the test bench the regional engineer Ken Engelmann suggested a couple new
pieces of equipment that were not in the previous test bench he built. These increased material costs
were counteracted by the reduction in labor costs. I was able to do most the work to prep the enclosure
and the area that the enclosure was installed in. This was able to minimize the internal labor. The
Contract labor was also able to be reduced by the prep work I completed on the panel. After the
installation of the panel all of the initial wiring was completed by me to reduce internal and contract
labor for the project.
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Chapter 6
Testing
Once the test bench was fully constructed power up and testing of the bench was then conducted. Power up of the
test bench required a very detailed walk through of all the wiring involved in the 480V power section. This was to
ensure a safe power up and minimize risk of arc flash.
Once the Test Bench was connected to 480V power and the circuit breakers were turned to the on position. The
circuit voltages were verified using a multimeter at the 480V terminal blocks. The voltages were then verified on the
secondary side of the power transformer. Once the voltages were verified, the fuses and circuit breakers were closed
to send power to the 24V power supply and to the PLCs. The Voltages were again verified at the Power Supplies of
the PLCs and the 24V power supply. Each PLC processor was connected to using a local serial communications
port, and a blank programing project was loaded into the PLC. Once all PLCs were set up and initialized, the PLCs
were then connected together through the Stratix Ethernet switch. All of the voltage testing was conducted following
the NEC personal protective equipment regulations. The testing was also conducted by an electrician that has
completed the NFPA-70E electrical safety program.
After all of the PLCs were connected to the Stratix Ethernet switch, the intercommunications of all of the PLCs were
tested by following the training guide that I had written for different methods of Ethernet communication between
devices.

Verification
Design specifications that were achieved:
Any new device is a product of Allen Bradley: This Design specification was achieved by purchasing only products
of Allen Bradley for the PLCs. The Ethernet Switch that was purchased was Allen Bradley. The PanelView HMI is
also a product of Allen Bradley.
Have a PanelView (Allen Bradley Touch screen HMI) as well as a Wonderware station within a 10-foot radius of
the backplane. This goal was achieved by mounting a PanelView to the test bench panel. Not pictured is the
reorganization that happened to the room. The reorganization placed a workbench beside the test bench. The
workbench is where the programmer will sit with a programing computer. The programming computer has
Wonderware software to develop Wonderware screens as well as display screens. This achieves the second half of
this specification keeping a Wonderware station within a 10-foot radius.
Have Ethernet access to the production network, can also be disconnected from the production network to become
an isolated system. This was achieved by routing conduit from the test bench to a nearby panel that housed a plant
network ethernet switch. However the test bench has its own ethernet switch which allows the PLCs to create a
separate private network completely within the test bench panel.
Have individually isolated 480V, 120V and 24VDC power sources as well as a main power disconnect to disconnect
all sources leading to the bench. This was achieved by utilizing individual circuit protective devices. The circuit
breakers can be used to isolate the different voltages located throughout the test bench. The main disconnect located
on the front of the test bench panel can be used to disconnect all sources leading to the test bench.
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Have a female Meltric plug mounted with the T-leads prewired to terminal blocks. This requirement was met by
prewiring terminal blocks to the female Meltric plug adapters that were mounted to the side of the test bench.
Have greater than 100 terminal blocks mounted to the backplane. This requirement was met by purchasing and
preinstalling over 100 terminal blocks to the test bench din rail to make easy wiring of field devices.
Must adhere to all applicable OSHA and NEC codes. This goal was achieved by referencing the OSHA and NEC
codes while designing and building the test bench. The codes were also followed while the test bench was being
tested for functionality to ensure the safety of the electricians.
Must support up to three VFDs, one servo drive and two PLCs and one flexI/O module at once. The space available
for mounting of 480V devices as well as the circuit breakers installs allows for up to four 480V devices to be wired
at one time. The test bench has three PLCs installed permanently. The din rail space in the low voltage side of the
test bench allows for the mounting of a flexI/O module.
Design specifications that were not achieved:
Have a minimum of 20 square feet of backplane area to mount equipment to, and have a minimum of 18 inches of
clearance extending outwards from the backplane. The test bench only achieved a total of 19.1 square feet of
backplane area to mount equipment to. While building the test bench, I had the opportunity to add all three
generations of PLC into the test bench as opposed to just two. By adding this third PLC permanently to the test
bench this reduced the available area inside of the test bench. The test bench was 24 inches deep which provided
more than 18 inches clearance for all devices.
Have a minimum of 10 linear feet of din rail. The test bench only achieved a total of 9.2 linear feet of din rail. Again
this design requirement was affected by the implementation of the third PLC. Adding the third PLC limited the
space available to install din rail.
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Chapter 7
Conclusion
The Fontana GAF facility now has a fully functional test bench that can be utilized to test any design or control
situation that is found at the production facility. The system is easily modifiable with the space available to mount a
number of different drives and components to power different motors and servos. The test bench also has the
terminal blocks available to attach any discrete devices, as well as an ethernet switch to connect devices to create an
ethernet network. The Design could however be improved upon.

Hard Wired I/O
The test bench as the ability to wire up a large number of different I/O devices. However all of this I/O is added or
removed for each experiment. An improvement would be to wire a matrix of buttons and lights on the outside panel
of the door below the PanelView. This would make the implementation of discrete I/O into any lab easier. This
would also reduce the amount of prep work required before each lab.
Programmers “Grace Port”
A programmers “Grace Port” is a port that is mounted on the door of the panel. The Grace port has outlets on the
outside of the panel that are wired internally in the panel. The Grace port has an Ethernet port that gets internally
wired to the ethernet switch, as well as a 120V outlet. The 120V outlet and ethernet port being on the outside of the
panel allow the programmer to connect to the PLCs over an ethernet connection without opening the panel doors.
The 120V outlet is a nice port to have to allow the charging of a programming laptop.
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Appendix A
Senior Project Analysis
1.
2.

3.

4.

The test bench provides an environment where integration and development between software
programming and hardware are tested independent of the production line. This environment is versatile
enough to handle many different equipment setups and easily change over to different configurations.
The test bench is designed and specified as to increase the functionality and versatility. The test bench
needs to be large enough to implement different combinations of equipment, but the test bench cannot be so
large that it takes up too much space that never fully gets utilized. The bench needs to implement certain
brands of equipment as well as HMI and Ethernet access as to communicate with users and other areas of
the plant. The bench needs to have different forms of power for different devices that mount to the test
bench. The bench needs to have different methods for mounting equipment to the backplane and
connecting wires to increase versatility and ease of use. The bench needs to be free from any recognized
hazards [4].
The challenges that I faced in my senior project include working from a remote location, me at school and
the facility in Fontana. OSHA regulations also provided many different constraints on the circuitry as well
as the guarding necessary for safe operation. Physical space limitations provided yet another issue to
overcome for this project.
The test bench provides the opportunity for the company to invest in human capital while also gaining
financial capital. By having a test bench or training center, new electrical shop workers now have a low risk
environment to get comfortable with the equipment used. The test bench provides a monetary return to the
company as well. Testing of new designs, as well as technicians becoming familiar with the new equipment
before installing anything on the production line, improve the success of any new design implemented.
Testing and a more in depth understanding of equipment help to avoid production shutdowns caused by
equipment failure. Having technicians extremely familiar with the equipment helps recover from an
unintentional shutdown at a faster rate. This provides a positive return on investment for the company,
because every unplanned shutdown, creates scrap. During unintentional downtime, the overhead costs
increase significantly, because no production occurs for the downtime but the production workers are still
at the facility getting paid.
This project was estimated to cost $23,000 to fully implement and commission the system. GAF funded
this project that I performed the work for, also the company I interned for this past summer. However, after
the initial cost of the test bench installation, more costs come along with training staff. Electrical
technicians often get called to the production line to support or fix issues. To truly utilize the test, bench the
technicians or engineers need uninterrupted time where they can work on different design situations.
Whenever the technician becomes unable to support the production line a cost associated with them taking
the time to learn occurs.
The payback on the test bench is indirectly a monetary pay back. The main objective and main payback of
the test bench is the knowledge gained by the technicians and engineers. Both the company and the
technicians receive payback for the test bench. The technicians gain knowledge and familiarity with the
equipment. The company receives higher skilled workers.
The test bench as required by OSHA is housed inside of an enclosure which creates a replicable modular
design making it easy to sell on a commercial basis. For a modular and easily implementable test bench
design the estimated number of units sold per year would be 55. This is because each production
environment has the same issues of needing a safe environment to test and develop before implementing
anything on the production line. 55 units per year is estimated because of the range of equipment the test
bench supports, this allows any sort of manufacturing environment to purchase this test bench. Opening the
market to any manufacturing environment the market size increases, the estimate of 55 units is
conservative. The manufacturing cost per unit is $6,900. High costs come with getting a 6’ by 6’ enclosure
with backplane. For different customers, the Allen Bradley devices could possibly interchange with
different brands, the construction of the unit is very labor intensive which increases per unit cost. Each
unit’s sales price is $11,000, this provides a larger profit margin for the test bench. The modular design of
the bench allows customers to drop the enclosure in, route power and have a functioning test bench. This
ease of installation allows us to charge a higher price. The estimated profit per year is $236,500. The
operating cost of the test bench is variable, the different simulations whether they include just minimal PLC
communication or if they include driving 3 phase 480V induction motors.
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5.

6.

7.

8.

9.

The environmental impacts with my project show up in both the manufacture as well as the continued use
of the product. When the test bench is manufactured the enclosure and backplane are all made of steel
mined from the earth then processed which the mining and processing of iron to steel is a huge industry but
not the best for the environment. Then with the continued use of the product, the effect on the ecosystem is
the use of natural resources. As talked about earlier, the product runs 3 phase 480V motors which use a
large amount of power. Currently most power is generated using fossil fuels which burning fossil fuels
destroys the biosphere. The project uses natural resources like iron directly and coal indirectly. The mining
of iron and burning of coal contribute to global warming. Global warming is now raising the temperatures
of our oceans and causing coral reefs to warm up to a point where they can no longer survive.
However my project also has positive effects for the environment. By having better trained E&I technicians
and higher trained engineers the production line experiences less unexpected shutdowns. Each shutdown
and respective startup creates a large amount of scrap or material that has to go into a landfill. By
improving the functionality of the production line not only does the performance of the line improve but the
line also produces less scrap. Less scrap impacts the environment positively because less waste is generated
and put into landfills.
Having a modular design enclosed in a singular enclosure, makes the manufacturability easier for this
product. However, the time-consuming part of the process is populating the backplane with the necessary
hardware, such as fuses, PLC chassis, terminal blocks. Populating backplanes takes a very skilled
meticulous worker for the panel to look good and function correctly. Population of the backplane would be
the largest bottle neck and most costly portion of the manufacturing process.
Issues that affect the lifetime of the test bench is items that wear down or break because of heavy use. Spare
parts are readily available because the test bench incorporates the equipment used throughout the facility.
However, the devices inside of the test bench get used more often, they are removed and replaced often,
which causes more wear compared to having a system sitting in an enclosure untouched.
One upgrade to the design of the system would be a desk on the cabinet. Therefore, while programming the
user has a good seat and not getting fatigued standing or sitting on the ground. The final location of the test
bench is still unknown for all possible customers. Since an unknown on the area surrounding the test bench
it would be poor design to put a desk on a side and try to make it work after the fact.
The user could misuse the equipment as a way of avoiding working on the line. The user could also choose
not to learn anything from the test bench by rarely using it, or not using it before implementing a design on
the production line. This scenario would only occur when an employee does not want to learn or improve
on their technical knowledge. The company could require that specific situations be set up on the test bench
and test everyone on their comprehension of the system and their technical abilities. I think the Ethical
Egoism framework applies to this situation. Humans ought to act in self-interest. If the technician or the
engineer uses the test bench they improve themselves. They invest in their own future whether with the
company or not, because when an employee leaves the one item the company can’t take from employees is
the knowledge they’ve gained. Therefore, the technicians and engineers should act in their own interest and
try to use the test bench to improve themselves. I do not believe that testing after learning the equipment
would ensure that no one misuses the test bench. The ethics of how people should act out of self-interest
keeps the staff interested in improving themselves.
The IEEE code of ethics states that we should maintain and improve our technical competence and to
undertake technological for others only if qualified by training or experience [1]. This code directly aligns
with the purpose of the test bench. The test bench provides a way for technicians and engineers to improve
their technical skills and learn the equipment. Following the ethics of continual improvement also prevents
the users from misusing the test bench. Completing this project improved my technical competence and
improved on the knowledge that I had previously. This aligned with the IEEE ethics of maintaining and
improving the technical abilities.
This project includes voltage sources up to 480V. This high of voltage can cause a dangerous situation if
not designed properly. A major danger and concern while working with 480V is arc flash. The project
needs to conform to all OSHA standards to ensure that the test bench operates in a manner safe for all
employees [4].
This project had numerous safety regulations associated with the building of the test bench. OSHA and
NEC codes were reviewed and referenced during the building of the test bench to ensure that the bench
followed all regulations. Free of any recognized hazards, defines the test bench as OSHA and NEC
compliant [4]. Following these regulations makes the work environment for the employees a safe
environment.

24

10. The stakeholders of this project include both the company GAF as well as the electrical technicians and
engineers that use the test bench. This project provides benefits to both parties involved. The initial
investment for the equipment is by the company GAF, but in return they receive higher trained electrical
technicians and engineers. An indirect benefit of having higher trained employees, the production line
becomes maintained at a higher quality. This means less unexpected shutdowns, as well as the ability to
recover from unexpected shutdowns at a faster rate. The employees make the investment of their time into
the test bench. However, in return the employees gain knowledge and understanding of the equipment. This
return, a less tangible return but the employee’s knowledge becomes a very highly valued return on the
project. A steady decline in downtime becomes a measurable result for the company. However, a
technician able to fully understand a system and how the system functions is a much harder return to
quantify. Both stakeholders benefit from the test bench.
Allen Bradley, the manufacturer of the equipment used and tested on the bench, also becomes a stakeholder
in this project. They are an indirect stakeholder with indirect impacts, since the amount of equipment
purchased was less than $10,000. Purchasing the equipment is a very small negligent impact on Allen
Bradley. However, the larger impact comes with the customer service that Allen Bradley provides. While
working on equipment on the test bench users commonly run into a function not well defined or seems
impossible to find in the literature, the technician or engineer would then call Allen Bradley to get the
information needed to perform the necessary function. Allen Bradley contributes more to the system after
the implementation of the project in the form of technical support.
11. A new tool that I had learned for this project has been 2D electrical AutoCAD drawings. This project has
demonstrated to me the importance and necessity of electrical layouts and drawings. Without these
drawings, contractors do what they feel is best but not exactly what the engineer had intended. Building off
of technical drawings increases the success of the system and ensures the design follows the required
specifications. This project also taught me management skills for when I was managing a team of
contractors for the construction and wiring of the test bench.
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Appendix B
Electrical Drawings
This appendix is the electrical drawings that were created to go along with the test bench. All new equipment that is
installed in a facility needs the drawings to be given with the project. These drawings are partially for safety, so that
electricians can look at the documents to find what type of power is inside of the panel. The drawings are also used
when looking at the panel when systems need troubleshooting or when devices are being added. This is because the
drawings outline every circuit that is housed inside of the panel.
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